Heart disease is the leading cause of mortality and morbidity in the western world. The heart has little regenerative capacity after damage, leading to much interest in understanding the factors required to produce new cardiac myocytes. Despite a robust understanding of the molecular networks regulating cardiac differentiation 1, 2 , no single transcription factor or combination of factors has been shown to activate the cardiac gene program de novo in mammalian cells or tissues. Here we define the minimal requirements for transdifferentiation of mouse mesoderm to cardiac myocytes. We show that two cardiac transcription factors, Gata4 and Tbx5, and a cardiac-specific subunit of BAF chromatinremodelling complexes, Baf60c (also called Smarcd3), can direct ectopic differentiation of mouse mesoderm into beating cardiomyocytes, including the normally non-cardiogenic posterior mesoderm and the extraembryonic mesoderm of the amnion. Gata4 with Baf60c initiated ectopic cardiac gene expression. Addition of Tbx5 allowed differentiation into contracting cardiomyocytes and repression of non-cardiac mesodermal genes. Baf60c was essential for the ectopic cardiogenic activity of Gata4 and Tbx5, partly by permitting binding of Gata4 to cardiac genes, indicating a novel instructive role for BAF complexes in tissuespecific regulation. The combined function of these factors establishes a robust mechanism for controlling cellular differentiation, and may allow reprogramming of new cardiomyocytes for regenerative purposes.
The transcriptional regulation of the developing heart has been well studied 1,2 , but the factors sufficient to induce the cardiac program in mammalian cells have remained elusive. Recent work has demonstrated important roles for members of the polymorphic Swi/Snf-like BAF chromatin remodelling complexes in cell-type specification and differentiation [3] [4] [5] [6] [7] . Baf60c, a cardiac-enriched BAF complex subunit, physically links DNA-binding transcription factors to BAF complexes, thereby modulating the transcription of target genes 3 . Mouse embryos with reduced levels of Baf60c have severe heart defects and defective cardiac differentiation 3 . Because Baf60c is expressed specifically in precardiac mesoderm, we determined whether it is necessary for the activity of essential cardiac DNA-binding factors in non-cardiac cells.
We transiently transfected cultured mouse embryos with expression constructs for Baf60c and combinations of three transcription factors that are important for activation of cardiac genes 1,2 : the zincfinger transcription factor Gata4, the homeodomain transcription factor Nkx2-5, and the T-box transcription factor Tbx5 ( Fig. 1a ). Induction of cardiac differentiation was assessed by expression of the early cardiac marker Actc1, encoding alpha cardiac actin. Control transfections with enhanced green fluorescent protein (EGFP)-expressing constructs or Tbx5, Nkx2-5 and Gata4 combined did not induce Actc1 (Fig. 1a , 0 out of 20 and 0 out of 15 embryos, respectively). In contrast, co-transfection of Tbx5, Nkx2-5 and Gata4 with Baf60c led to markedly expanded and ectopic activation of Actc1 ( Fig. 1a , d, 9 out of 11 embryos). We could reliably induce Actc1 between embryonic day (E)6.5 and E8.75, but later transfections proved ineffective, indicating a limited time window for Actc1 induction or technical limitations inherent to our approach. Actc1 induction was not potentiated by myocardin, a transcriptional coactivator that activates some cardiac genes in cell culture 8 , or the precardiac mesoderm transcription factor Mesp1 (ref. 9), which can promote cardiac lineages in embryonic stem cells [10] [11] [12] .
In embryos co-transfected with Tbx5, Nkx2-5 and Gata4 plus Baf60c, we also detected ectopic Myl2 messenger RNA, and a-tropomyosin (a-TM; also called Tpm1) and cardiac troponin T (cTnT; also called Tnnt2) proteins, specific markers of the embryonic heart (Figs 1b and 2a). Induction of cardiac markers was confined to transfected cells, suggesting a cell-autonomous effect (Figs 1c and 2a , c). Notably, ectopic beating cardiac myocytes were observed in normally non-cardiogenic mesoderm transfected with Tbx5, Nkx2-5 and Gata4 plus Baf60c (9 out of 16 embryos), suggesting induction of a full cardiac program ( Fig. 1d and Supplementary Movie 1). Ectopic contractile tissue was observed even though the endogenous cardiac field was not yet beating, indicating accelerated cardiac differentiation. Thus, a simple combination of DNA-binding transcription factors and the chromatin-remodelling protein Baf60c induced cardiac differentiation in vivo.
cTnT was induced predominantly in mesoderm, but not in endoderm ( Fig. 2a, b ). We could not reliably transfect ectoderm. Ectopic cardiac markers were activated in all mesodermal regions, including the posterior and medial mesoderm, which are normally not fated to cardiac lineages (Figs 1a, 2a, 3a and 4b). Notably, ectopic cTnT and beating tissue could be induced in the amnion, an extraembryonic tissue (Fig. 2c ). The amnion is composed of a mesoderm layer derived from the primitive streak 9, 13 , and an ectodermal layer, suggesting that endodermal signals were dispensable for cardiogenic induction. Thus, non-cardiac mesoderm was directly programmed into cardiac tissue by the combination of Tbx5, Nkx2-5 and Gata4 plus Baf60c.
We sought to define the minimal set of factors required to induce cardiac differentiation. Ectopic Actc1 was efficiently induced by Gata4 plus Baf60c (9 out of 11 embryos) but not by Nkx2-5 plus Baf60c or Tbx5 plus Baf60c (Figs 3a, c and 4b). Nkx2-5 was induced by Gata4 plus Baf60c (Figs 3b and 4b), but Tbx5 was not (not shown). As Gata4 and Nkx2-5 cooperatively activate numerous cardiac genes 1,2 , the induction of Nkx2-5 by Gata4 plus Baf60c provides an important feed-forward mechanism to establish and reinforce the cardiac program.
We substituted the haematopoietic GATA factor Gata1 for Gata4 (ref. 14) and Baf60a or Baf60b, which are not expressed in the heart 3 , for Baf60c. Gata1 functionally replaced Gata4 but with reduced potency, and Baf60b (but not Baf60a) replaced Baf60c, again with reduced potency (Fig. 3d ). Gata1 and Baf60b together were ineffective at activating Actc1. These results indicate a significant degree of tissue specificity conferred by Gata4 and Baf60c.
Although Gata4 plus Baf60c initiated cardiac gene expression, they did not induce contractile tissue (Fig. 3c , 0 out of 10). We hypothesized that additional input from Tbx5 was required to complete the cardiac program. To investigate this possibility, we used fluorescenceactivated cell sorting (FACS) to isolate EGFP-positive cells from the non-cardiogenic posterior mesoderm of transfected embryos and isolated RNA for polymerase chain reaction with reverse transcription (RT-PCR) analysis. Some cardiac genes were induced by Gata4 plus Baf60c, but Tbx5 was required to induce additional genes required for cardiac function (Fig. 4b, c and Supplementary Fig. 1 ). Accordingly, transfection of Gata4 and Tbx5 with Baf60c induced ectopic beating tissue (8 out of 16 embryos; Fig. 3c and Supplementary Movie 2). Thus, we defined a minimal set of transcriptional regulators required to induce cardiac differentiation.
Isl1 expression, which marks early cardiac progenitors 15 , was not observed in transfected cells, indicating that we did not target undifferentiated cardiac precursors (Fig. 4b ). However, Isl1 was induced as part of the cardiac program induced by the combination of Gata4, Tbx5 and Baf60c. Interestingly, expression of the posterior mesoderm markers Tbx6 and Mesp1 was reduced in cells transfected with the combination of Gata4, Tbx5 and Baf60c, a finding that suggests reprogramming of mesoderm (Fig. 4b) .
A combination of tissue-restricted BAF complex subunits may be required to enact a specific transcriptional program. The BAF complex subunits Baf45a and Baf45b have been implicated in neural progenitor-and neuron-specific transcription 5, 7 . Baf45c (also known as Dpf3) is predominantly expressed in the developing heart 6 and recognizes specific histone modifications, suggesting that it may enhance the specificity of target gene recognition 6 . Expression constructs for Baf45c alone or with Tbx5, Nkx2-5 and Gata4 did not LETTERS induce cardiac gene expression (0 out of 8), and the addition of Baf45c to Tbx5, Nkx2-5 and Gata4 plus Baf60c did not increase the efficiency of induction (5 out of 6 versus 5 out of 6). We investigated the mechanism by which Baf60c potentiates the function of Gata4. If Baf60c functions primarily to promote transcriptional activity of Gata4 independent of chromatin remodelling, we would expect that a fusion of Gata4 and VP16, which strongly activates transcription by recruiting pre-initiation complexes 16 , would activate cardiac genes. Transfection of Gata4-VP16 alone did not activate Actc1 (0 out of 7) (Fig. 3c) or Nkx2-5 (0 out of 5), and Gata4-VP16 plus Baf60c induced Actc1 efficiently (5 out of 5) but did not induce beating tissue (0 out of 9) (Fig. 3c ). Thus, Baf60c must have functions separate from the recruitment of the preinitiation complex. We then examined whether Baf60c is important for binding of Gata4 to target genes. We performed chromatin immunoprecipitation on cells isolated by FACS from transfected embryonic posterior mesoderm. Gata4 could not bind Tnnt2 or Nppa regulatory regions in the absence of Baf60c, but inclusion of Baf60c resulted in detectable Gata4 occupancy on both genes (Fig. 4c) . The BAF complex ATPase Brg1 (also called Smarca4) was also detected only in the presence of Baf60c (Fig. 4c ). Therefore, unlike the 'pioneer factor' function of Gata4 in liver development 17 , Baf60c is required to allow Gata4 to bind these cardiac genes in noncardiac mesoderm. Although the mechanism of this action is unknown, it may involve recognition of histone modifications by subunits of Baf60c-associated BAF complexes 6, 7 or other interacting transcription factors 18 , followed by remodelling of the chromatin at these loci or cooperative binding to target DNA.
Our results define a combination of three factors that can execute a cardiac transcriptional program and fully induce non-cardiac mesoderm to differentiate directly into contractile cardiac myocytes. The direct induction of ectopic beating tissue in vivo in amniotes is unprecedented; application of cardiogenic growth factors to chick embryonic mesoderm only induced early markers of cardiomyocyte lineage, such as Nkx2- 5 (refs 19, 20) . In vertebrates with simpler hearts such as Xenopus or zebrafish, Mesp1 or Gata5 could induce cardiac differentiation, but only at low frequency (,10% transfected embryos) 10, 21 . Mesp1 can promote cardiogenic mesoderm from embryonic stem cells [10] [11] [12] , but was ineffective in the mouse, suggesting that it primarily promotes lineage specification rather than inducing 
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Anti-Brg1 differentiation. We may have targeted the in vivo equivalent of epiblast stem cells (EpiSCs) 22,23 rather than mesoderm; this is unlikely as these should be rare or absent at stages at which we were able to induce cardiogenesis (E7.0-8.0), and loss of posterior mesoderm markers in induced cardiac cells supports targeting of mesoderm. It has been suggested that permissive cues from adjacent endoderm or ectoderm are important for cardiac differentiation; however, in chick and Xenopus, heart tissue could only be induced in explants 19, 20, 24, 25 , suggesting that strong negative cues prevent ectopic cardiac differentiation in vivo. Our results show that repressive influences are unlikely to be major components of cardiac program regulation or that they can be overcome by our combination of factors.
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Overall, our data suggest that, in amniotes, an additional layer of tissue-specific gene regulation, in the form of Baf60c, has been superimposed on cardiac transcriptional regulators. Consistent with lossof-function experiments 26 , Gata4 was a key factor in initiating the cardiac program, whereas Tbx5 was required for full differentiation into contracting cardiomyocytes. Because Gata4 plus Baf60c induced Nkx2-5, the combined input from Gata4, Nkx2-5 and Tbx5, which synergize on target enhancers 1-3 , provided sufficient information to activate the cardiac program. Unlike other contexts where DNAbinding factors were sufficient for transdifferentiation [27] [28] [29] , Baf60c was required to potentiate the function of Gata4 and Tbx5, partly by allowing binding of Gata4 to cardiac loci. These findings reveal a novel mechanism for tissue-specific gene regulation by chromatinremodelling complexes. Harnessing this potential in a permissive cell type might lead to the production of cardiac cells suitable for therapeutic use in diseased myocardium.
METHODS SUMMARY
Mouse embryos were transfected with separate expression constructs for each factor and EGFP, and cultured as described 30 with modifications mainly in the timing and location of the transfection. Embryos were collected, fixed with 4% paraformaldehyde, and processed for whole-mount in situ hybridization, paraffin sections, or cryosections. Immunohistochemistry was performed on whole embryos, or on sections after antigen retrieval. Chromatin immunoprecipitation was performed on proteins cross-linked to DNA from cells FACS-sorted from 25-30 embryos for each condition.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
